This paper presents the characterisation procedure of different types of sludge generated in a wastewater treatment plant to be reproduced in a mathematical model of the sludge digestion process. The automatic calibration method used is based on an optimisation problem and uses a set of mathematical equations related to the a priori knowledge of the sludge composition, the experimental measurements applied to the real sludge, and the definition of the model components.
INTRODUCTION
To obtain realistic predictions with a mathematical model, a previous and rigorous calibration is required, in which an adequate inflow characterisation is one of the dominating factors (Roeleveld & van Loosdrecht ) . In the case of anaerobic sludge digestion, the characterisation of the inflow sludge is particularly influential on the digester outputs (Sötemann et al. ; de Gracia et al. ; Ekama ) , so it must be carried out carefully. This task is not straightforward, especially if the inflow is sludge, because then it must be analysed mainly with those analytical methods developed for wastewater. Those methods tend to be difficult to adapt to sludge and eventually produce imprecise experimental measurements.
Mathematical models tend to include an increasing number of model components, as is the case with the Anaerobic Digestion Model No 1 (ADM1, Batstone et al. ) , as the identification and characterisation of the influent in the different model components become more complex. Different protocols have been developed with this aim, generally based on systematic and sequential procedures (Huete et al. ; Kleerebezem & Van Loosdrecht ) . Although these aims allow the influent characterisation to be carried out easily, they can imply that possible errors might be propagated leading to erroneous final solutions. Therefore, a new mathematical procedure for the automatic estimation of influent characteristics, based on optimisation algorithms, was presented by Grau et al. (a) . This method deals with the identification of the water or sludge characteristics as the resolution of an equation system. This system can be indefinite when there are few experimental data and is always incompatible because of the experimental inaccuracies.
The objective of this work is to characterise different kinds of sludge (primary, secondary and mixed sludge) using this new identification method based on optimisation. The components describing the sludge characteristics correspond to the new mathematical model of a generalised sludge digester, which has been developed and verified by de Gracia et al. () . This was constructed based on the Plant Wide Model (PWM) methodology (Grau et al. b) . This research study is supported by comprehensive experimental work.
MATHEMATICAL METHODS

Mathematical procedure
The mathematical methodology for wastewater characterisation is based on the general principles of the PWM methodology (Grau et al. b) , which proposes an extended list of non-redundant model components for any unit-process throughout the whole plant and a complete definition of their elemental mass fractions, in terms of C, H, N, O, P, charge and other possible elements. This extensive description allows for a straightforward relationship between the model components and the most common analytical measurements carried out in the influent wastewater. These model components, their description in elemental composition and the equations that relate them to analytical measurements can be found in Grau et al. (a) . The large number of components considered in this approach involves more precise and constant component characteristics, with the important exception of the inert and composite compounds. The identification of the elemental mass fractions of these components is then a relevant part of the sludge characterisation problem. To simplify the exposition, the cost function used in the mathematical procedure and a complete list of legends and symbols can be found in the Appendix (Table A0) .
Therefore, the influent characterisation problem consists of the estimation of the numerical value of the influent concentrations for all the model components and the unknown mass fractions of the inert and composite compounds. This estimation is carried out by minimising a cost function and taking into account the physical and chemical restrictions due to the components' nature. The main restrictions, common to all kinds of influents, are those associated with (i) acid-base equilibriums of the components, (ii) the restrictions associated to the elemental mass fractions (their sum must be unity for any component) and (iii) the range restrictions (concentrations and mass fractions greater or equal to zero).
The resolution of the optimization problem consists of finding the set of parameters closest to the initial estimation that complies with the established restrictions and that guarantees a low set of residual errors (i.e. small discrepancies between the model predictions and experimental measurements). Considering only the influent characterisation, the identification result must be firstly close to typically reported results (widely accepted ratios). Also, it must satisfy that the measurable variables (calculated from the result of the characterisation problem) and the measured variables (derived from experimental analysis) are both within a previously determined range (identified with a relative error assigned to a particular analytical measurement). The cost function used is included in the Appendix and a detailed description of the optimisation model and algorithm can be found in Grau et al. (a) .
New components associated with waste sludge
The generic digester model contains three special model components that are important when dealing with sludge: the generic inflow composites X c1 , the composites generated from biomass lysis X c2 and the inert matter produced from biomass lysis X p (de Gracia et al. ) . Although sludge can be characterised in terms of carbohydrates, lipids, proteins, etc., this model the 'redundant' components X c1 or X c2 in order to reproduce their readiness to be processed. Thus, those components first disintegrate with certain velocity, which governs the entire digestion process when treating waste sludge (Pavlostathis & Gosset ) .
New restrictions associated with waste sludge
From all the considerations proposed in Grau et al. (a) for the characterisation of wastewater, the problem of the influent being waste sludge introduces new restrictions to the equation system. These new equations are related to specific analytical measurements and the different origins of the sludge. (Table 1) .
A completely
Initial estimation
The initial estimation condenses a priori expert knowledge of expected waste sludge characteristics and constitutes the set of parameters that would be considered valid to reproduce the kind of sludge studied if there were no experimental information about it. The initial estimation of the elemental composition of special components, shown in Table A2 (Appendix), is based on several specialised works: the work of Miron et al. () to describe X c1 , the work of Pavlostathis () to describe X c2 , and the specifications of Reichert et al. () to describe X p , X I and S I . The concentration of each of the components for the initial estimation reproduces the sludge described by 
EXPERIMENTAL METHODS
Sludge origin
The three types of sludge used to be characterised in this study are all produced in the Tudela Waste Water Treatment Plant (WWTP) (Spain). Primary sludge (1WS) is produced in the primary clarifiers; secondary sludge (2WS) is produced in the trickling filters and is condensed in secondary clarifiers; and mixed sludge (MWS) is the mixture of 1WS and 2WS used to feed the autothermal thermophilic aerobic digester and mesophilic and thermophilic anaerobic digesters at the Tudela WWTP (Spain).
Anaerobic biodegradability of sludge tests
The anaerobic biodegradability tests were conducted, as suggested by Field et al. () , in 1,000 ml serum bottles. The test consists of putting a determined quantity of the sludge under study in contact with a known quantity of inoculum from a mesophilic digester in stationary condition. It is necessary to run a control of the test to take into account the organic matter that the inoculum itself provides to the test; so in another 1,000 ml bottle the same quantity of inoculum is added. The test is run in a water bath at 35 W C for 30 days. At the end of the test the sludge is considered completely digested. All the tests were run in duplicate. A complete analysis was carried out at the beginning and at the end of the test. The results are shown in Table 2 . 
γ i is the mass of component i in one stoichiometric unit of component i. β E;i is the mass of element E in one stoichiometric unit of component i. 
RESULTS AND DISCUSSION
Experimental results
The experimental data used in this work corresponds to the analytical measurements performed before and after anaerobic biodegradability tests using 1WS, 2WS and MWS from the Tudela WWTP (Spain). The details of the analytical procedure are presented in Huete (). Table 2 shows two kinds of data: (i) results of analytical measurements performed on real samples (in white) and (ii) indicative values (in grey) taken from the actual experimental data taking into account the procedure of the biodegradability tests (i.e. dilutions, mixture and quantities in the samples, etc.). The latter are valuable data for the objectives of this work as they provide more information to the problem. The sludge characteristics are quite unusual for two main reasons. On the one hand, the biological treatment occurs by means of trickling filters in which secondary sludge has much higher dry solid content than the sludge from activated sludge. Moreover, they contain plastic carriers (at 40.18 gST/L it presents about 4% of dry matter) so there is no need to use a sludge thickener. On the other hand, secondary sludge is recycled to the primary decanter in order to improve the dry matter content of the mixture sludge. This configuration makes it impossible to take a sample of primary sludge solely. For the experimentation, a sample of the wastewater influent to the WWTP was taken and decanted in the laboratory. Although the decantation process did not reach the expected standards, it was considered to contain the same proportion of the constituents (except the water content).
Experimental data processing and evaluation
The measurable variables are those that can be related to the model components and parameters through mathematical equations. These variables cannot always be directly measured by experimental methods. However, this analytical data can be processed in order to obtain the corresponding measurable variables. This 'processed' experimental data can be found in grey in Table 2 . However, their validity for use as information for the identification problem must be evaluated and weighted through their assigned relative error. The optimisation problem results must have correspondence between the measurable variables and the experimental data within a range determined from those relative errors. This evaluation of the quality of the data, detailed in Huete (), was carried out taking into account the following factors: (i) The precision of the experimental method used, (ii) The characteristics of the analysed sample (in this case, some experimental methods for the analysis of water were used for sludge, so very high dilution factors needed to be applied), (iii) The origin of the experimental data (i.e. the possible error propagation of 'processed' experimental data had to be considered) and (iv) The experimental data relevance for the sludge characterisation problem.
The measurable variables that were used and their estimated relative errors are presented in detail in the appendix (Table A2) . These values, together with the problem restrictions of the optimisation problem, are the basis of the characterisation of 1WS, 2WS and MWS.
Characterisation of 1WS, 2WS and MSW at the Tudela WWTP
In order to clarify the procedure, all the results obtained after applying the identification algorithm (Grau et al. a) to the set of measurable variables are shown in the Appendix (Table A2 ). The main results obtained for the characterisation of 1WS, 2WS and MWS from the Tudela WWTP are detailed in Table A3 (elemental mass fractions for the more heterogeneous components: inert and composites) and in Table A4 (concentration of the model components).
The fractionation and elemental composition of X c1 are sensitive to the identification of 1WS. This kind of waste sludge composition can vary significantly between different WWTPs due to its origin. In this case, the component X c1 for the Tudela WWTP contains more lipids than the sludge described by Miron et al. () that was used for the initial estimation (Table A1 ).
The identification of 2WS is more influential on the component X c2 fractionation and composition, as secondary sludge is mainly made up of biomass and inert matter from the water line biological processes. It is important to realise that X c2 cannot be directly associated to the characteristics of 2WS: X c2 as is defined in the model as the product of biomass lysis, whilst 2WS is the result of biomass growth and lysis within the biological process. Thus, X c2 depends on the sludge retention time in the reactors, decanters, possible sludge storage and so on, where it is partially degraded. For these reasons, the percentage of inert matter present in 2WS is different, obviously higher, than that present in X c2 . The inert percentage of X c2 has been fixed, by means of a specific added restriction in the identification problem, to the typical used value of 20% for biomass (Pavlostathis ) . Note that the inert matter in 2WS has been associated through the optimisation problem with the component X p .
The results obtained from the MWS identification problem corroborates that this kind of sludge, instead of being defined by means of the individual components, can also be characterised as a combination of X c1 , X c2 , and the accumulated inert components X p and X I . This is expected from a mixture of primary and secondary sludge. The 'redundant' components X c1 and X c2 fractionation in carbohydrates, proteins, lipids and soluble inerts are defined through the stoichiometry of the disintegration transformations. These transformations can be treated as part of the characterisation because they include the fractionation of the composites and the rate at which they can be ready to hydrolyse (de Gracia et al. ) .
The obtained parameters and component concentration values respond to the need of reproducing the experimental data so they were processed to calculate the 'estimated' measurable variables (Table 3) . It can be seen that the differences obtained between the experimental (measured in a laboratory) and estimated (considering the characterisation obtained from the optimisation algorithm) measurable variables are within a reasonable range and fulfil the restrictions associated with the experimental data (Table A2 ). The components of the digestion model can be easily transformed into ADM1 components (Batstone et al. ) by avoiding the phosphorous content of the components and joining the heterogeneous components X c1 and X c2 , and the inert components X I and X p .
Analysis of the characterisation results obtained
The results obtained were analysed from the point of view of their capacity to reproduce the real experimental measurements when applied to different types of waste sludge. Table 3 shows the values of the experimental results (Exper) compared to the corresponding measurable variable values obtained from the estimated parameters of the different types of sludge identified (Estim). The relative error between the experimental and the estimated data is included. In order to facilitate the comparative analysis between the experimentation and the estimation, some additional illustrative ratios are also included.
Most of the measurable variables obtained from the identification of 1WS reproduce the experimental data. The main difference can be seen in the nitrogen and phosphorous content of the inert components (measured at the end of the biodegradability test), even though the characterisation solution reports higher content of phosphorous and double content of nitrogen in X I compared to the initial estimation.
In the identification of 2WS, there are significant differences in inert COD and VS between the experimental and estimated measurable variables. In this case, these differences have been associated with possible errors in the experimental results. To illustrate this, one can look to the ratio COD/VS of 2WS at the beginning of the biodegradability test which has a value of 2.30, while at the end of the test (COD T /VS (inert) ) the value is 1.47. It is almost impossible for the sludge to have such a high ratio at the beginning, and at the same time only contain 30% biodegradable fats (which is the organic compound that increases this ratio most). Although 100% of the biodegradable matter were fats, this ratio could not reach the high value of 2.30. The estimation procedure obtained a compromise solution of COD and VS to minimise the objective cost function. Looking at the results, the assignation of the elemental composition to X c2 in the identification of 2WS can be considered acceptable.
The most accurate identification results could be those of the MWS. The values of the experimental data and estimated data are similar leading to very low relative errors, except those for the organic nitrogen and phosphorous content of the inert matter (at the end of the biodegradability tests). However, the solution can be considered good enough to characterise the mixed waste sludge that feeds the autothermal thermophilic aerobic and meso/thermophilic anaerobic digesters at the Tudela WWTP. This solution can be directly used to simulate the performance of the processes with the generic digester model, as presented in de Gracia et al. () . The results obtained from the simulation of the processes also confirm the validity of the characterisations presented in this paper.
The three solutions reached to characterise 1WS, 2WS and MWS are the result of an optimisation problem (Grau et al. a) . The objective cost function tends to minimise both the difference between the experimental measurements and the measurable variables and the difference between the solution and the initial estimation based on a priori knowledge about sludge characteristics.
CONCLUSIONS
Primary, secondary and mixed sludge from a WWTP have been characterised in terms of the components of a generic digester model. The parameters identified are the composition of the most heterogeneous components of the model (composites and inert components), and the concentration of each model component in the characterised sludge. Actual experimental data and a new characterisation methodology were used for that aim. The experimental data used was mainly originated by analytical measurements performed over the three types of sludge before and after being subjected to anaerobic biodegradability tests. The automatic characterisation procedure is based on an optimisation problem that minimises the difference between the experimental measurement values and the corresponding values calculated from the estimated parameters and the difference between the estimation and the a priori knowledge of the characteristics of the sludge. All steps associated with this method are shown in this work.
The results obtained are close to typical values reported and they reproduce the experimental data. On the other hand, the methodology used has turned out to be a suitable and reliable tool to characterise the sludge in terms of typical digestion model components. It solves one of the most reported main disadvantages in the, more and more complex, biological process modelling. The characterisation of the mixed sludge that feeds the aerobic and anaerobic digesters at the Tudela WWTP has been used to simulate the performance of these processes with a generic digester model. However the results can be easily transformed to the set of ADM1 model components.
APPENDIX
A. Cost Function used in the optimisation algorithm (from Grau et al. 2007a )
where C: Weighting factor; m: Number of measured variables; y k : Measured variable;ŷ k ðθÞ: Measurable variable k; σ 2 k : Relative variance of the measurable variance k; n: Number of estimated parameters;θ i : Estimated parameter i; θ i0 : Initial estimation for the estimated parameter i; μ i : Stiffness factor for the estimated parameter i.
The cost φ 1 ðθÞ represents the residual error between the experimental values of the measurable variables y k and the estimated ones y k ðθÞ, weighted by the expected variance of each measurement. The cost φ 2 ðθÞ incorporates the effect of the distance between the current and the initial estimation, weighted with a stiffness factor μ i that allows the fixture of a specific parameter or the regulation of its mobility. 
B. Tables containing additional information and detailed results of the work
